Aim/hypothesis High-dose aspirin treatment improves fasting and postprandial hyperglycaemia in patients with type 2 diabetes, as well as in animal models of insulin resistance associated with obesity and sepsis. In this study, we investigated the effects of aspirin treatment on inducible nitric oxide synthase (iNOS)-mediated insulin resistance and on S-nitrosylation of insulin receptor (IR)-β, IRS-1 and protein kinase B (Akt) in the muscle of diet-induced obese rats and also in iNos (also known as Nos2) −/− mice on high fat diet. Methods Aspirin (120 mg kg −1 day −1 for 2 days) or iNOS inhibitor (L-NIL; 80 mg/kg body weight) were administered to diet-induced obese rats or mice and iNOS production and insulin signalling were investigated. S-nitrosylation of IRβ/ IRS-1 and Akt was investigated using the biotin switch method.
inhibitor (L-NIL; 80 mg/kg body weight) were administered to diet-induced obese rats or mice and iNOS production and insulin signalling were investigated. S-nitrosylation of IRβ/ IRS-1 and Akt was investigated using the biotin switch method.
Results iNOS protein levels increased in the muscle of dietinduced obese rats, associated with an increase in Snitrosylation of IRβ, IRS-1 and Akt. These alterations were reversed by aspirin treatment, in parallel with an improvement in insulin signalling and sensitivity, as measured by insulin tolerance test and glucose clamp. Conversely, while aspirin reversed the increased phosphorylation of IκB kinase β and c-Jun amino-terminal kinase, as well as IRS-1 serine phosphorylation in diet-induced obese rats and iNos −/− mice on high-fat diet, these alterations were not associated with the improvement of insulin action induced by this drug. Conclusions/interpretation Our data demonstrate that aspirin treatment not only reduces iNOS protein levels, but also S-nitrosylation of IRβ, IRS-1 and Akt. These changes are associated with improved insulin resistance and signalling, suggesting a novel mechanism of insulin sensitisation evoked by aspirin treatment.
Keywords Aspirin . iNOS . Insulin resistance . Muscle .
S-Nitrosylation

Abreviations
Akt
Protein kinase B HENS HEPES, EDTA, neocuproine and SDS IKKβ IκB kinase β iNOS Inducible nitric oxide synthase IR Insulin receptor JNK c-Jun amino-terminal kinase L-NAME N w -nitro-L-arginine methyl ester NFκB Nuclear factor kappa B
Introduction
Diet-induced obesity is an experimental model of obesity and insulin resistance that is associated with a chronic inflammatory response and characterised by abnormal cytokine production, increased acute-phase reactants and other stress-induced molecules [1] . It is now well established that this inflammatory response is associated with the activation of intra-cellular inflammatory pathways that can negatively modulate insulin signalling, such as the IκB kinase β (IKK-β)/nuclear factor kappa B (NFκB), c-Jun amino-terminal kinase (JNK) and inducible nitric oxide synthase (iNOS) pathways [2] [3] [4] . High-dose aspirin treatment improved fasting and postprandial hyperglycaemia in patients with type 2 diabetes, as well as in animal models of insulin resistance associated with obesity and sepsis [5] [6] [7] . This improved insulin signalling was postulated to be secondary to blockage of the IKK-β/NFκB and JNK pathways, which prevent serine phosphorylation of IRS-1, a well-established mechanism of insulin resistance [8] .
Recently, we and others reported that enhanced iNOS production is associated with obesity and inflammatory responses and can negatively modulate insulin signalling through S-nitrosylation of proteins involved in early steps of insulin signalling, such as insulin receptor (IR)-β, IRS-1 and protein kinase B (Akt) [3, 9] . Furthermore, pharmacological or genetic blockage of iNOS production/activity ameliorates insulin resistance associated with obesity or lipopolysaccharide treatment by inhibiting S-nitrosylation of these proteins [9, 10] . Interestingly, aspirin treatment can also decrease iNOS production and activity in several cell lines [11] [12] [13] , but its effects on iNOS-induced insulin resistance in the muscle of obese rats has not yet been investigated.
In this study, we investigated the effects of aspirin treatment on iNOS-mediated insulin resistance and on S-nitrosylation of IR-β, IRS-1 and Akt in the muscle of diet-induced obese rats and also in iNos (also known as Nos2)
−/− mice on a high-fat diet.
Methods
Materials Antiphosphotyrosine, anti-IRβ, anti-IRS-1, antiiNOS, anti-Akt, anti-pser307-IRS-1 and anti-phospho-JNK antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Anti-p[ser 473 ]Akt antibody was from Cell Signaling Technology (Beverly, MA, USA). Human recombinant insulin (Humulin R) was purchased from Eli Lilly (Indianapolis, IN, USA). Routinely used reagents were purchased from Sigma (St. Louis, MO), unless otherwise specified.
Animals Male Wistar rats and C57BL/6 mice were obtained from the UNICAMP Central Animal Breeding Center (Campinas, São Paulo, Brazil). The iNos-knockout mice used were C57BL/6-backcrossed iNos -/-mice (C57BL/6-Nos2 tm1Lau colony; Jackson Laboratory, Bar Harbor, ME, USA). Animals were allowed free access to standard rodent chow and water. Diet-induced obese animals were obtained by high-fat diet administration to one group of Wistar rats, to one group of C57BL/6 mice and to one group of iNos -/-mice. High-fat diet was initiated at 8 weeks of age and administered for 4 weeks; control animals were of the same age. The high-fat diet consisted of 55% energy derived from fat, 29% from carbohydrate and 16% from protein.
Food was withdrawn 6 h before the experiments. The Ethics Committee of the University of Campinas approved all experiments involving animals.
Aspirin treatment Aspirin (120 mg kg −1 day −1 ) or saline in equal volumes were given by oral gavage to diet-induced obese rats or mice for 2 days.
iNOS inhibitor treatment Diet-induced obese rats received an intraperitoneal injection of the iNOS inhibitor L-N 6 -(1-iminoethyl)lysine (L-NIL; 80 mg/kg body weight) or saline twice daily (every 12 h) for 2 days. This treatment protocol with L-NIL was adapted from a previously published procedure [14] .
Insulin tolerance test Rats were fasted for 6 h and submitted to a 30 min insulin tolerance test. Briefly, 1.5 IU/kg insulin was infused intraperitoneally in rats and glucose was measured at 0 (basal), 5, 10, 15, 20, 25 and 30 min thereafter. The glucose disappearance rate (K itt ) was calculated from the formula 0.693/t 1/2 , where t 1/2 stands for time for glucose to reach 50% of the basal value. Glucose t 1/2 was calculated from the slope of the least square analysis of blood glucose concentration during the linear phase of decline [15] .
Euglycaemic-hyperinsulinaemic clamp studies After 5 h of fasting, animals were anaesthetised i.p. with sodium pentobarbital (50 mg/kg body weight) and catheters were inserted into the left jugular vein (for tracer infusions) and carotid artery (for blood sampling), as previously described [16] . Each animal was monitored for food intake and weight gain for 5 days after surgery to ensure complete recovery. Food was removed for 12 h before the beginning of in vivo studies. A 120 min euglycaemic-hyperinsulinaemic clamp procedure was conducted in conscious, unrestrained, catheterised rats, as shown previously [16] , with a prime continuous infusion of human insulin at a rate of 3.6 mU (kg body weight) − [17, 18] .
Western blot analysis Muscle extracts, immunoprecipitates or biotinylated nitrosocysteines were subjected to sodium dodecyl sulphate polyacrylamide electrophoresis and immunoblotting was performed as described [17] . Immunoreactive bands were detected by the enhanced chemiluminescense method (RPN 2108; Amersham Biosciences -Sweden).
Detection of S-nitrosated proteins by biotin switch method The biotin switch assay was performed essentially as previously described [19, 20] . Muscle tissue was extracted and homogenised in extraction buffer (250 mmol/l HEPES, pH 7.7, 1 mmol/l EDTA, 0.1 mmol/l neocuproine). After centrifugation at 9,000×g for 20 min, insoluble material was removed, extracts were adjusted to a concentration of 0.5 mg/ml protein and equal amounts were blocked with four volumes of blocking buffer (225 mmol/l HEPES, pH 7.7, 0.9 mmol/l neocuproine, 2.5% (vol./vol.) SDS and 20 mmol/l methyl-methanethiosulfonate [MMTS]) at 50°C for 30 min while being agitated. After blocking, extracts were precipitated with two volumes of cold acetone (−20°C), chilled at −20°C for 10 min, centrifuged at 2,000×g and 4°C for 5 min, washed with acetone, dried and finally resuspended in 0.1 ml HENS buffer (250 mmol/l HEPES, pH 7.7, 1 mmol/l EDTA, 0.1 mmol/l neocuproine and 1% (vol./vol.) SDS) per mg of protein. Until this point, all operations were carried out in the dark. A one-third volume of N-(6-(ciotinamido)hexyl)-3′-(2′-pyridyldithio)-propionamide (biotin-HPDP) 4 mmol/l and 2.5 mmol/l ascorbic acid was added, followed by incubation for 1 h at room temperature. Proteins were acetone-precipitated again and re-suspended in the same volume of HENS buffer. For purification of biotinylated proteins, samples from the biotin switch assay were diluted with two volumes of neutralisation buffer (20 mmol/l HEPES, pH 7.7, 100 mmol/l NaCl, 1 mmol/l EDTA and 0.5% (vol./vol.) Triton X-100) and 15 μl of neutravidin-agarose/mg of protein in the initial extract were added, followed by incubation for 1 h at room temperature while being agitated. Beads were washed five times with washing buffer (20 mmol/l HEPES, pH 7.7, 600 mmol/l NaCl, 1 mmol/l EDTA and 0.5% Triton X-100) and incubated for 20 min at 37°C with elution buffer (20 mmol/l HEPES, pH 7.7, 100 mmol/l NaCl, 1 mmol/l EDTA and 100 mmol/l 2-mercaptoethanol) with gentle stirring. Supernatant fractions were collected, Laemmli buffer was added and proteins were separated by SDS-PAGE. Immunoblotting was performed as described above [19, 20] .
Primary rat skeletal muscle cell isolation and culture Male Wistar rats (90 g) were killed by cervical dislocation. The hindlimbs were quickly removed and used to prepare muscle cell culture, as described, previously [21] . The cells were cultured for the first 2 days in primary growth medium containing DMEM with 20% (vol./vol.) fetal calf serum and, thereafter, in fusion medium containing DMEM with 10% (vol./vol.) horse serum.
Salicylate treatment The skeletal muscle cell cultures were divided in two different groups: control and salicylate (5 mmol/l). The cells were then incubated in DMEM containing all of the treatment substances described above.
Nitric oxide synthase activity assay After 24 h, the cells were scraped off and homogenised in TRIS buffer (50 mmol/l, pH 7.4) containing l-citrulline (1 mmol/l), EDTA (0.1 mmol/l), dithiothreitol (1 mmol/l), leupeptin (10 μg/ml), soyabean trypsin inhibitor (10 μg/ml), aprotinin (2 μg/ml) and phenyl methyl sulfonyl fluoride (1 mmol/l). Homogenates were centrifuged (1,000×g) for 10 min and the supernatant fractions were passed over an ionic form, hydrogen, dry mesh column (Dowex 50WX8-200, 100-200; Dow Chemical, St Louis, MO, USA) to remove endogenous arginine. The samples (50 μl) were incubated in a modified TRIS buffer (50 mmol/l, pH 7.4) containing EGTA (1 mmol/l), flavin adenine dinucleotide (10 μmol/l), NADPH (1 mmol/l), BH4 (100 μmol/l) and 10 μmol/l larginine containing 100,000 cpm of L- [2,3,4,5- 3 H]arginine monohydrochloride (Amersham), previously equilibrated for 5 min at 37°C in a final volume of 100 μl. Pharmacological controls of enzymatic activity were performed in parallel and consisted of N w -nitro-L-arginine methyl ester (L-NAME) addition (1 mmol/l) to the incubation medium. After 15 min, the reaction was stopped by adding 1 ml icecold buffer (pH 5.4) containing HEPES (20 mmol/l) and EDTA (1 mmol/l), followed by vortex mixing. The samples were then applied to a 0.6 ml Dowex 50WX8-200, preequilibrated with the stopping buffer. L- [2,3,4,5- 3 H]Citrulline was eluted and washed with 1 ml stopping buffer and radioactivity was determined by liquid scintillation counting. All measurements were made in duplicate. Protein concentrations were determined according to the method of Bradford [22] and the activity was expressed as pmol Lcitrulline (mg protein) −1 min −1 . The values were corrected for the amount of L-[2,3,4,5-3 H]-citrulline found in the presence of L-NAME (1 mmol/l), which was added exogenously [23] .
Statistical analysis The results of blots are presented as direct comparisons of bands or dots in autoradiographs and were quantified by densitometry using Scion Image software (ScionCorp, Fredrick, MD, USA). Data were analysed by two-tailed unpaired Student's t test or by repeated measures ANOVA (one-or two-way ANOVA), followed by post hoc analysis of significance (Bonferroni's test) when appropriate, comparing experimental and control groups. The level of significance was set at p<0.05.
Results
Effect of aspirin on insulin sensitivity and signalling and cytokine production The animals receiving the high-fat diet (diet-induced obese rats) had higher food intake, a pattern not affected by administration of aspirin or L-NIL (Fig. 1a) . As expected, these animals had an increase in body weight; however, treatment with aspirin or aspirin with L-NIL for 2 days did not change body weight compared with respective controls (Fig. 1b) . Fasting insulin levels were higher in animals on the high-fat diet and were not changed by treatment with aspirin or aspirin plus L-NIL (Fig. 1c) . Plasma glucose did not change significantly in any group of animals (Fig. 1d) ; however, insulin sensitivity, as determined by the glucose disappearance rate (Fig. 1e) or glucose clamp (Fig. 1f) , was decreased in high-fat fed rats and showed an improvement after aspirin treatment.
Effect of aspirin on insulin signalling in diet-induced obese rats An 80% reduction was observed in insulin-induced tyrosine phosphorylation of IRβ, as well as a 70% reduction in IRS-1 tyrosine phosphorylation, a 70% reduction in IRS-1 protein levels and an 80% reduction in Akt serine phosphorylation in muscle of diet-induced obese rats. These reductions were all reversed by aspirin treatment (Fig. 2a-d) .
Effect of aspirin treatment on iNOS production/activity and S-nitrosylation of IRβ/IRS-1 and Akt in muscle of dietinduced obese rats Inducible nitric oxide protein levels increased in the muscle of diet-induced obese rats, but the increase was blunted following aspirin treatment in the same animal group (Fig. 3a) . We also investigated whether salicylate was able to modulate iNOS activity in cultured muscle cells of control rats. Results showed that salicylate treatment for 2 h reduced iNOS activity bỹ 50% (Fig. 3b) .
The enhanced iNOS production in high-fat fed rats was associated with an increase in S-nitrosylation of IRβ, IRS-1 and Akt. These increases were also reversed by aspirin treatment (Fig. 3c-e) .
Effect of aspirin treatment on serine phosphorylaton of IRS-1 and JNK in the muscle of diet-induced obese rats Increased JNK and IKKβ phosphorylation was observed in the muscle of diet-induced obese rats, accompanied by an increase in IRS-1 serine phosphorylation. After aspirin treatment there was a reduction in JNK and IKKβ phosphorylation, as well as in IRS-1 serine phosphorylation (Fig. 4a-c) .
Effect of aspirin and L-NIL on Akt phosphorylation and on S-nitrosylation of IRS-1 and Akt in muscle of diet-induced obese rats To show that aspirin attenuates insulin resistance in the muscle of diet-induced obese rats through the inhibition of S-nitrosylation of early steps of insulin action, we also investigated the effect of the iNOS inhibitor, L-NIL, either alone or in combination with aspirin, on insulin sensitivity, insulin signalling and S-nitrosylation of IRS-1 and Akt. Administration of L-NIL for 2 days resulted in improved insulin sensitivity, as demonstrated by an increase in glucose disappearance rate during the insulin tolerance test and also by an increase in glucose infusion rate during the glucose clamp. When L-NIL was added to aspirin, no further increase in insulin sensitivity was detected by either test (Fig. 5a, b) . Insulin-induced Akt phosphorylation, which was decreased in diet-induced obese rats, showed a similar improvement after treatment with aspirin or L-NIL, both of which did not show any additional effect (Fig. 5c) . S-nitrosylation of IRS-1 and Akt, which were increased in diet-induced obese rats, was similarly decreased after aspirin and/or L-NIL treatment (Fig. 5d, e) .
Effect of aspirin treatment on Akt phosphorylation and Snitrosylation of IRS-1 and Akt in muscle of iNos
−/− mice on high-fat diet To investigate whether the effects of aspirin, associated with an inhibitor of iNOS, would also be reproduced in an iNos knockout animal, we investigated the effect of aspirin on insulin sensitivity and insulin signalling in muscle of iNos −/− mice on a high-fat diet.
Insulin sensitivity was determined using the glucose disappearance rate, which shows a good correlation with the gold standard glucose clamp, as previously described [15] and as also confirmed in this study with rats. As expected, control mice on a high-fat diet showed reduced insulin sensitivity (Fig. 6a) . Interestingly, iNos −/− mice had higher insulin sensitivity than controls. When these animals were fed a high-fat diet for 2 months, they had a mild, but significant decrease in insulin sensitivity, as demonstrated by reduced glucose disappearance rate, when compared with control iNos −/− mice, but not when compared with wild-type mice on standard rodent chow. The treatment with aspirin showed no improvement in insulin sensitivity in iNos −/− mice on a high-fat diet (Fig. 6a) .
Insulin-induced Akt activation was moderately decreased in control animals, but only mildly decreased in iNos −/− mice on a high-fat diet; these alterations were reversed with aspirin treatment (Fig. 6b ). As expected, there was an increase in S-nitrosylation of IRS-1 and Akt in the muscle of control mice on a high-fat diet, the increase being reversed by aspirin. However, we did not observe Snitrosylation of IRS-1 or Akt in the muscle of iNos
mice on a high-fat diet (Fig. 6c, d ).
As demonstrated in the muscle of rats on a high-fat diet, JNK and IKKβ phosphorylation increased in the muscle of control mice on a high-fat diet, accompanied by an increase in IRS-1 serine phosphorylation that was reversed by aspirin treatment (Fig. 6e-g ). JNK and IKKβ phosphorylation were slightly increased, in parallel with an increase in IRS-1 serine phosphorylation, in the muscle of iNos −/− mice on a high-fat diet; these alterations were reversed by aspirin treatment (Fig. 6e-g ).
Discussion
The glucose-lowering effects of aspirin, observed decades ago in patients with diabetes, are complex, possibly tissuespecific and probably not related to the inhibition by aspirin of cyclo-oxygenase enzymes [8] . Recently, new effects of aspirin have been described. Thus aspirin can directly inhibit IKKβ, downregulating inflammatory signalling through NF-κB in this pathway, which is implicated in developing insulin resistance [7] . Gene-and diet-induced obesity are associated with enhanced IKKβ activity in liver, which may induce serine phosphorylation of IRS-1, preventing its tyrosine phosphorylation by insulin [8, 24] . However, in muscle, data on the importance of IKKβ activation in the development of insulin resistance remain conflicting [25] . Another mechanism by which aspirin could prevent insulin resistance induced by obesity is through inhibition of JNK, another serine kinase associated with serine-phosphorylation of IRS-1 and therefore with insulin resistance. This mechanism has been described in HEK293 cells and observed in the muscle of septic and growth hormone-treated rats [5, 26, 27] .
Our data show that, in the muscle of diet-induced obese rats and mice, aspirin was able to reduce IKKβ and JNK phosphorylation, and also IRS-1 serine phosphorylation. However, two results from our study suggest that these alterations were not crucial to the improvement in insulin action induced by aspirin. First, in diet-induced obese rats the effect of L-NIL, an inhibitor of iNOS, on insulin Representative blots (a, c-e) are from experiments that were repeated independently, with similar results. α-Tubulin was used in immunoblotting as protein control. Bars represent quantification of blots as mean ± SEM of six to eight rats. *p<0.05 vs control group; † p<0.05 vs DIO rats sensitivity was not synergised by aspirin treatment. Second, in iNos −/− mice on a high-fat diet, we saw an increase in IKKβ and JNK phosphorylation, as well as in IRS-1 serine phosphorylation. These increases were associated with only a mild reduction in insulin sensitivity, which was not reversed by aspirin treatment. These data suggest that, although aspirin reverses the increased IKKβ and JNK phosphorylation, as well as increased IRS-1 serine phosphorylation observed in diet-induced obese rats or in iNos −/− mice on a high-fat diet, these alterations have no parallel with the improvement in insulin action induced by this drug in muscle. Insulin sensitivity was increased in iNos −/− mice, in parallel to an increase in insulin-induced Akt phosphorylation, suggesting that mechanisms related to iNOS may have a role in the control of physiological insulin sensitivity and not only in situations related to insulin resistance. When these mice were fed a high-fat diet for 2 months, they had a mild reduction in insulin sensitivity; however, the glucose disappearance rate under this diet was similar to that of wild-type mice on control rodent chow. As described above, in iNos −/− mice on a high-fat diet, aspirin did not improve insulin sensitivity, despite its improvement of insulin-induced Akt phosphorylation. These data suggest that minor changes in insulin signalling may have no influence on insulin sensitivity.
Although we did not investigate whether aspirin could attenuate insulin resistance in the liver of these obese animals, a previous report [28] has shown that iNOS content was enhanced in the liver of ob/ob mice, an enhancement associated with reduced protein levels of IRS-1 and IRS-2, which was prevented by iNOS blockage with L-NIL. This finding demonstrates that iNOS plays a role in fasting hyperglycaemia and contributes to hepatic insulin resistance in ob/ob mice. The effect of high-fat diet on fasting glucose levels was only modest in our model, and probably the importance of hepatic insulin resistance was only mild. In more prolonged high-fat diet treatment these effects of iNOS on hepatic insulin resistance would probably be more evident [28] .
Several reports have shown that salicylates or aspirin inhibit the production of iNOS induced by cytokines in different cell types and suggest that one of the therapeutic actions of these drugs could be mediated by a reduction in iNOS content and nitric oxide production [11, 13] . This reduction in iNOS protein levels may be secondary to a decrease in NFκB activation [29] ; however, a limitation of our study was that we did not directly measure NFκB activity in these experiments. Aspirin can also directly inhibit iNOS enzymatic activity, although some questions remain as to whether this occurs at therapeutic concentrations [12] . Our data show that aspirin reduced iNOS Representative blots (c-e) are from experiments that were repeated independently, with similar results. Bars represent quantification of blots as mean ± SEM of six to eight rats. *p<0.05 vs control group; † p <0.05 vs DIO rats activity in cultured muscle cells and also reduced iNOS content in muscle of diet-induced obese rats. These data suggest that aspirin has a direct effect on muscle, reducing iNOS activity.
Recently, we demonstrated that iNOS induction in the muscle of diet-induced obese rats, ob/ob mice and lipopolysaccharide-treated mice is associated with enhanced nitric oxide production and enhanced S-nitrosylation of IRβ, IRS-1 and Akt [9, 10] . S-nitrosylation of IRβ and Akt was associated with reductions in their kinase activities, leading to downregulation of the IRβ/IRS-1/PI 3-kinase/Akt pathway [9, 30] . Mutated Akt1(C224S), in which cysteine 224 is substituted by serine, is resistant to nitric oxide donor-induced S-nitrosylation and inactivation, indicating that cysteine 224 is a major S-nitrosylation acceptor site. In vitro denitrosylation with reducing agent reactivated cellular Akt from nitric oxide donor-treated cells. In combination, these data demonstrated that S- nitrosylation of Akt is a specific post-translational modification that regulates its activity [30] . S-nitrosylation of IRS-1 is associated with its reduced protein levels in muscle, which may be secondary to degradation via the ubiquitinproteasome system [9, 14] . Since the IRβ/IRS-1/Akt pathway plays a central role in metabolic actions of insulin in muscle, including stimulation of glucose uptake and glycogen synthesis, downregulation of this pathway in muscle by S-nitrosylation may be an important mechanism of iNOS-induced insulin resistance. The results of the present study reinforce the above data and show that, in iNos −/− mice on a high-fat diet, only a mild alteration in insulin sensitivity is observed. In addition, in these mice, while aspirin reduced IKKβ, JNK and IRS-1 serine phosphorylation, it did not improve insulin sensitivity. Similar results were observed in diet-induced obese rats treated with an iNOS inhibitor and aspirin. These data suggest that iNOS-induced insulin resistance is an important mechanism that modulates insulin sensitivity and that probably the beneficial effect of aspirin in insulin resistance is related to a reduction of iNOS protein levels and Snitrosylation of IRβ, IRS-1 and Akt. Insulin resistance is certainly a metabolic situation related to several mechanisms that act in parallel to downregulate insulin signalling. Our data reinforce the hypothesis that: (1) multiple mechanisms are involved in insulin resistance in diet-induced obese rats and mice; but that (2) iNOS-induced insulin resistance is an important mechanism modulating insulin signalling and insulin sensitivity in parallel; and (3) aspirin is able to improve this mechanism.
Recently, Dallaire and colleagues investigated whether targeted disruption of iNOS modulates the metabolic effect of rosiglitazone in obese mice [31] . Their results demonstrated that the iNOS/nitric oxide pathway is a critical modulator of peroxisome proliferator-activated receptor (PPAR)-γ activation and that invalidation of this pathway improves the efficacy of PPAR-γ agonism in an animal model of obesity and insulin resistance.
Taken together, our data show that aspirin treatment not only reduced iNOS protein levels, but also S-nitrosylation of IRβ, IRS-1 and Akt, which was related to improvements in insulin-induced tyrosine phosphorylation of IRβ and IRS-1, and serine phosphorylation of Akt. This suggests a novel mechanism of insulin sensitisation, evoked by aspirin treatment. These findings also suggest that inhibition of iNOS might be a major mediator of the insulin-sensitising effects of IKKβ inhibition.
Recently, in a double-masked, placebo-controlled trial, 20 obese non-diabetic adults were evaluated at baseline and after 1 month of salsalate treatment, a non-acetylated salicylate but with a lower bleeding risk. This proof-ofprinciple study demonstrates that salsalate reduces glycaemia and may improve inflammatory cardiovascular risk indexes in overweight individuals [32] . In addition, aspirin treatment improved glycaemic control of diabetic patients, in parallel with reductions in inflammatory response, including reduced levels of serum nitrite, which at least in part may be secondary to reduced iNOS activation [33] . These new concepts are important for an understanding of how anti-inflammatory drugs attenuate insulin resistance, since direct therapeutic targets may be identified.
